Abstract
extracellular gel required for gliding motility and ultimate ensheathment onto a surface [6, [13] [14] [15] . Specific subcellular events associated with these processes may be studied via high throughput screening of exogenous agents, such as cell wall synthesis inhibitors or cell wall degrading enzymes. Finally, recent molecular investigations [16] are providing new insights and creating opportunities for studying Penium as a model for plant cell physiology, development and evolution. All of these features make Penium an outstanding experimental system in plant cell biology [17, 18] .
The elucidation of the structure and function of specific subcellular components and their coordinated interactions during the dynamics of cell development represent a fundamental goal in plant cell biology. Various types of biochemical, molecular and microscopy-based technologies have been used, often in correlative studies in order to elucidate such subcellular phenomena. Ever since Hanstein, in 1880 [19] , first used the term protoplast to describe the plasmolyzed content of a cell enclosed by the plasma membrane, and the possibility of removing the cell wall from a cell [19] , protoplast isolation and manipulation have become important methodologies in plant cell research. The cell wall is a resilient barrier to many subcellular studies, but if removed from the cell, protoplasts can be released and maintained under carefully defined conditions. During this time, diverse biochemical and molecular manipulations can be performed that are difficult, if not impossible, to do for walled cells and tissues. Many of these protoplast isolation protocols have contributed significantly to the areas of transformation and genetic engineering, somatic hybridization, organelle isolation, as well as cell wall dynamics [20, 21] . Protoplast isolation from a charophyte was first reported nearly 4 decades ago [22, 23] . However, since that time, very limited studies of charophyte protoplasts have been described. As Penium and other charophytes emerge as important organisms in plant cell studies, a re-investment of research in protoplast isolation, culturing and manipulation is pertinent.
In this study, we describe methods for the isolation and culturing of protoplasts from Penium. Using both fluorescent cytochemical labeling and transmission electron microscopy (TEM) imaging, we document the stages of protoplast formation and the selective removal of the pectic domain of the cell wall. We also provide methods in which the protoplasts can be employed for studying organelle structure and function, membrane trafficking and plasma membrane microdomains. Finally, we describe an optimized protocol for efficiently recovering pure fractions of nuclei from protoplasts, free from cell debris and plastid DNA, which can be used for subsequent molecular procedures, such as DNA isolation prior to genomic sequencing.
Methods

Algal culture
Penium margaritaceum Brébisson (Skidmore College Algal Culture Collection) was maintained in sterile liquid cultures of Woods Hole medium (see below for reference) supplemented with soil extract (WHS), pH 7.2 at 18 ± 2 °C in a photoperiod of 16 h light/8 h dark with 74 µmol photons m −2 s −1 Photosynthetic Photon Flux of cool white fluorescent light. The cells were subcultured every week and cells from log-phase culture (7-day old cultures) were used for the procedures. WHS medium [24] (see www.marine.csiro.au/microalgae/methods/ Media%20CMARC%20recipes.htm#MBL for preparation instructions) was prepared by adding 20 mL/L of soil water extract [25] to the medium before autoclaving at 120 °C, 15 lb/in. 2 (15 psi) for 20 min.
Protoplast isolation
Cells were collected in 50 mL Falcon tubes and centrifuged for 1 min at 1000×g. The supernatant was discarded and the cell pellet was resuspended in fresh WHS, vortexed vigorously for 30 s and recentrifuged. This washing step was repeated three times. It is important to wash Penium cells in order to remove the extracellular polysaccharide (EPS) or gel, which can otherwise interfere with the enzymatic digestion of the cell wall. The washed cells were incubated in 5 mL of a protoplast buffer (PB) (0.5 M mannitol, 0.02 M CaCl 2 in WHS, pH 7.2 filter sterilized with a 0.22 µm syringe filter) on a laboratory rotator with gentle shaking for 20 min at room temperature (RT). The cells were centrifuged at 1000×g for 1 min, the supernatant was discarded, and the sample was resuspended in 3 mL of 0. 
Chelator treatment of live cells
Cells were collected by centrifugation at 1000×g for 1 min. The supernatant was discarded, and after washed 3× with deionized water, the cells were incubated in 20 mM ethylenediaminetetraacetic acid (EDTA), pH 6.0 for 20 min in the dark, with gentle rotation. Cells were washed with deionized water 3× before immunolabeling or cryofixation for TEM or placed in WHS under regular growth conditions for recovery studies.
Intracellular dyes
Live cells were washed 3× with fresh WHS as described above and incubated in distilled water with 4.4 μM 5(6)-CFDA (5,6-carboxyfluorescein diacetate) for 15 min, 1.6 μM BCECF AM (2′,7′-bis-(2-carboxyethyl)-5,6-carboxyfluorescein, acetoxymethyl ester) for 15 min, 1.7 μM DiOC6(3) (3,3′-dihexyloxacarbocyanine iodide), 2 μM Lyso Tracker ™ Red, 1.25 μM Yeast Vacuole Membrane marker MDY-64, 2 μM BODIPY ™ FL C5-Ceramide (n-(4,4-difluoro-5,7-dimethyl-4-bora-3α,4α-diaza-sindacene-3-pentanoyl) sphingosine), 2 μM BODIPY ™ FL C 11 -Phosphocholine (1,2-bis-(4,4-difluoro-5,7-dimethyl-4-bora-3α,4α-diaza-s-indacene-3-undecanoyl)-snglycero-3-phosphocholine), and 3 μM Di-4-ANEPPDHQ (aminonaphthylethenylpyridinium) (Molecular Probes ® , Eugene OR, USA) for 30 min in the dark with constant rotation, and washed 3× with distilled water. Observation with 1.6 μM FM ™ 1-43 (N-(3-triethylammoniumpropyl)-4-(4-(dibutylamino) styryl) pyridinium dibromide) in distilled water was performed immediately from min 1 to min 60 after adding the dye. Incubations for protoplasts were performed similarly, but using PB as incubating medium.
Transmission electron microscopy (TEM)
Cells/protoplasts/EDTA-treated cells were harvested at different time points after incubation in PES, washed 3× with PB, and spray frozen in liquid propane cooled with liquid nitrogen [26] . Samples were freeze substituted at − 80 °C for 48 h in 0.5% (w/v) glurataldehyde and 1% (w/v) osmium tetroxide (EMS, Hatfield, PA, USA) in anhydrous acetone. After a cooling period of 2 h at − 20 °C, 2 h at 4 °C and 1 h at RT, samples were washed with acetone and dehydrated in a graded series of acetone:Spurr's Low Viscosity embedding media (EMS, Hatfield, PA, USA) of 3:1 and 1:1 at RT for 1 h each. An overnight incubation with 1:3 acetone:Spurr's was performed, and a final incubation with 100% (v/v) Spurr's was performed for 12 h before placing the samples in BEEM ® embedding capsules (EMS, Hatfield, PA, USA). Polymerization of the plastic was performed at 70 °C for 8 h. Samples were sectioned with a Leica EM UC6 ultramicrotome (Leica Microsystems, Buffalo Grove, IL, USA), using a diamond knife (DiATOME, Hatfield, PA, USA), and thin sections (50-70 nm) were stained with conventional uranyl acetate/lead citrate. Immunogold labeling with JIM5 (Plant Probes, Leeds, UK) and INRA-RU1 (INRA, Nantes, France) monoclonal antibodies (mAbs) was performed according to previous reports [25] .
Live cell immunolabeling
The incubation steps were performed at RT, in the dark, with constant gentle rotation. Cells were collected by centrifugation at 1000×g for 1 min, washed 3× with fresh WHS as described above, and incubated with 1:10 solution of hybridoma supernatant of the primary mAb JIM5 (Plant Probes, Leeds, UK) or INRA-RU1 (INRA, Nantes, France) in WHS for 90 min. The cells were washed 3× with WHS, and incubated with goat anti-rat IgG conjugated with tetramethylrhodamine (TRITC, Life Technologies ™ Molecular Probes ® , Eugene, OR, USA) (for JIM5) or anti-mouse IgG conjugated with TRITC (for INRA-RU1) secondary antibody (1:50 in WHS) for 90 min, after which the cells were washed 3× with WHS, and kept in the dark until observation.
Nuclei isolation
All incubations were performed at RT, in a box with ice, and all solutions were kept on ice. The protoplasts were resuspended in 4 mL of nuclei isolation buffer (NIB) (10 mM MES-KOH pH 5.4; 10 mM NaCl; 10 mM KCl; 2.5 mM EDTA; 250 mM sucrose; 0.1 mM spermine; 0.5 mM spermidine; 1 mM dithiothreitol in deionized water) with 1% (v/v) Triton X-100, and incubated in a small box with ice, on a shaker with gentle shaking for 40 min. For the sucrose gradient, 3 mL of 2.5 M sucrose solution were added to a 15 mL Falcon tube. 3 mL of a 1.25 M sucrose solution were gently added onto the previous layer without disturbing it, followed by 3 mL of a 0.625 M sucrose solution. This procedure was performed for 4 × 15 mL Falcon tubes. The nuclei solution was distributed between two of the sucrose gradient tubes, 2 mL in each tube, without disturbing the sucrose solutions. The tubes were centrifuged at 1000×g for 10 min. Small aliquots were collected from each resulting layer (20 μL) to an Eppendorf tube and 0.5 μL of 4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, St. Louis, MO, USA) solution (1 mg/mL in deionized water) was added. Each layer was observed with the microscope under UV light for nuclei observation and contamination accession.
The top green layer was removed with a pipette and discarded. The layer containing the nuclei fraction was collected into a 15 mL Falcon tube, and a second incubation with 4 mL of NIB with detergent was performed using the same conditions described above. The liquid was distributed through the remaining two sucrose gradient tubes and centrifuged at 1000×g for 10 min. The third layer containing cell debris was discarded. The layer that contained the nuclei was collected with a pipette for DNA isolation or other experiments.
Microscopy
An Olympus BX60 (Olympus America Inc., Melville, NY, USA) equipped with an Olympus DP73 digital camera, an Olympus IX70 Inverted Microscope equipped with an Olympus DP71 digital camera, an Olympus Fluo View ™ 1200 confocal laser scanning microscope and a ZeissLibra ® 120 transmission electron microscope (Carl Zeiss SMT Inc., Thornwood, NY, USA) equipped with a Cantega G2 camera (Olympus Soft Imaging Solutions GmbH, Münster Germany) were used for microscopic evaluation of the cells, protoplasts and nuclear fractions.
DNA isolation
DNA was extracted from fresh nuclei after isolation, and still in NIB with detergent, using a Qiagen DNeasy Plant Kit (Qiagen, USA). For one prep, nuclei isolated from ~ 10 5 protoplasts mL −1 were mixed with 400 μL AP1 with 10 μL RNase A. The protocol was then followed according to the manufacturer's instructions with a final elution step in 100 μL AE buffer. The DNA samples from the preps were combined and evaluated with a Qubit 3.0 (ThermoFisher Scientific, USA) to verify that there was no residual RNA in the sample, and to assess the DNA concentration. Depending on instrument availability, a NanoDrop ™ 2000 spectrophotometer (ThermoFisher Scientific, USA) can also be used to evaluate the DNA.
Results
Protoplast formation
The protoplast isolation protocol developed in this study is outlined in Fig. 1 . The specific steps of this protocol provide a fast and effective way to obtain 90% protoplast formation in 2-3 h. It is important to note that neither cellulase alone, nor in combination with other enzymes including RGI-lyase, galactosidase, rhamnosidase, or arabinanases, at pH 6 and pH 7.2, was enough to break the cell wall and release protoplasts. In fact, the only combination that worked was cellulase together with PL. When cells were incubated in PB for 20 min, plasmolysis was induced, as demonstrated by the separation of the protoplast from the cell wall, especially at the polar zones (Fig. 2a, b) . Subsequent enzymatic digestion of the cell wall occurred at the isthmus zone where the protoplast started to emerge (Fig. 2c) . Protoplast release took several minutes, culminating after the cell wall at the isthmus ruptured completely (Fig. 2d , e). Once released, each protoplast looked spherical (Fig. 2f ) , and the final solution contained a mixture of protoplasts, open, empty cell walls, and some cells that did not open (Fig. 2g) . Hechtian strands are filaments of cytoplasm that connect the protoplast to the cell wall upon plasmolysis. They demonstrate that focal adhesion zones exist along the cell surface and contribute to signal perception, calcium (Ca
2+
) signaling and focused cell expansion [27] . During the early stages of plasmolysis, Hechtian strands were observable (Fig. 3a) . Using TEM, Hechtian strands could be identified in the periplasm, the compartment between the cell wall and the plasma membrane. One end of each strand terminated in the inner cellulosic layer of the cell wall, while the opposite end was attached to the plasma membrane ( Fig. 3b-d ). Hechtian strands were also observed forming regular arrays (Fig. 3e ). TEM analysis of isolated protoplasts revealed the absence of any cell wall component. Each protoplast contained the dense cytoplasm with the chloroplasts engulfing the nucleus (Fig. 3f ).
Chelator treatment
We also verified that the removal of the pectin component alone, accomplished after treating the cells with the chelator EDTA, was not enough to cause the release of the protoplasts (data not shown). The outer layer (OL) of Penium cell wall has a rough, punctate appearance, visible with brightfield microscopy (Fig. 4a) . This layer becomes evident after JIM5 immunolabeling, a mAb that recognizes low methyl esterified HG [28] , showing the OL forms a HG-rich lattice on the cell surface (Fig. 4b) . When the cells were treated with EDTA, a short period of time (20 min) was enough to cause the removal of the OL of the cell wall, visible with brightfield microscopy, as a smooth appearance of the surface of the cell (Fig. 4c) . The absence of fluorescence signal after JIM5 mAb immunolabeling showed that the HG-rich external layer that normally forms the lattice on the cell surface was removed (Fig. 4d) . TEM imaging of the untreated cell wall revealed four distinctive layers that constitute Penium cell wall: an external adhesive layer (AL); a pectin domain rich in Ca 2+ -complexed HG, the OL that forms a mesh-like lattice; and a middle layer (ML) rich in HG and RGI, that is embedded in the cellulose-rich inner layer (IL) (Fig. 4e) . Immunogold labeling with JIM5 showed the presence of the epitopes in the OL and ML (Fig. 4f ) , while labeling with the RGI backbone-specific mAb, INRA-RU1 [29] , showed the distribution of the epitopes in electron dense zones in the ML (Fig. 4g) . When cells were treated with EDTA, the HG-rich OL was completely removed, while the other layers AL, ML and IL remain unaltered (Fig. 4h) . JIM5 immunogold labeling resulted in the absence of labeling in the area where the OL should be, and a reduction of JIM5 gold particles in the ML (Fig. 4i) . EDTA treatment did not affect INRA-RU1 labeling of the RGI, located in the ML (Fig. 4j) .
When cells were allowed to recover after EDTA treatment, they started to produce the HG-rich lattice in the isthmus zone after 4 days, as revealed by JIM5 mAb immunolabeling (Fig. 5a) . TEM imaging showed a new HG-rich OL deposited in the isthmus zone and being translocated toward the poles upon cell expansion. The polar zone still maintained the lattice-free loci (Fig. 5b) . Cells allowed to recover for 1 day displayed an unaltered ML, as shown after INRA-RU1 mAb immunolabeling (Fig. 5c) , and the initiation of the deposition of new HG in the isthmus zone, as shown after JIM5 mAb immunogold labeling (Fig. 5d) . Full recovery was observed after . Note the protoplast separation from the cell wall (arrows). c After 30 min in protoplast enzyme buffer (PES), a protoplast starts to emerge from a weakened zone in the wall at the isthmus zone (arrow). d The protoplast continues to release from the cell wall, which is now completely open (arrow). e After 2 h, a protoplast is nearly released from the cell wall. f Protoplast. g Solution with protoplasts and cell wall debris. Scale bars: a-e = 15 µm; f = 25 µm; g = 50 µm 4 days, after which the typical distribution of JIM5 and INRA-RU1 gold particles was visible in both the ML and the OL (Fig. 5e, f ) .
Intracellular dyes
In this study, we labeled both protoplasts and walled cells with several intracellular dyes and imaged labeling patterns with confocal laser scanning microscopy (CLSM). The nuclear stain, DAPI, labeled the nucleus positioned in the isthmus of walled cells, while in protoplasts the nucleus was found at different loci, depending on the positioning of the displaced chloroplasts (Fig. 6a) . The ratiometric excitation pH indicator BCECF AM, highlighted the elongate inter-plastid lobe spaces in both cells and protoplasts (Fig. 6b) , and did not accumulate in any organelle. 5(6)-CFDA, a stain used to identify cytoplasm and cell viability, showed a more generalized fluorescence throughout the intracellular space in both cells and protoplasts (Fig. 6c) . DiOC6(3), a probe for the endoplasmic reticulum (ER), labeled the reticulated network of long ER tube-like structures in walled cells, while in protoplasts the ER network formed flattened and -f) showing the ultrastructure of protoplast formation. a During the first minutes of incubation in PB, the protoplast plasmolyzes and separates from the cell wall; however, numerous fine strands (arrow), i.e., Hechtian strands become apparent. b Hechtian strands bind the plasma membrane to the cell wall (arrows). c One end of the strands is connected to the inner layer of the cell wall (arrows). d The other end of the strands emerge from the plasma membrane (arrows). e Cross section through the plasmolyzed cell reveals that the strands are organized in arrays (arrows). f Protoplast. Note the nucleus (N), the pyrenoid of the chloroplast (Py) and the absence of a cell wall (arrow). CW, cell wall IL, cellulose-rich inner layer IS, intracellular space Pe, periplasm PM, plasma membrane. Scale bars: a = 2 µm; b-e = 100 nm; f = 500 nm irregular short tubes (Fig. 6d) . Lyso Tracker ™ Red labeled the numerous acidic organelles in both walled cells and protoplasts (Fig. 6e) , while Yeast Vacuole Membrane marker, MDY-64, a probe for vacuoles, stained a network of small vacuoles distributed throughout the intracellular space, along the lobes of the chloroplast (Fig. 6f ) . The lipid marker BODIPY ™ FL C 11 -Phosphocholine analogue probe showed a pattern of strongly fluorescent spherical domains in the plasma membrane (Fig. 7a) , while the BODIPY ™ FL C5-Ceramide lipid analogue probe labeled some organelle membrane structures distinct from those observed for ER-and vacuole-probes in cells, and in protoplasts it was possible to observe those structures with the shape of thin, curved entities (Fig. 7b) . The lipid domain probe Di-4-ANEPPDHQ revealed the staining of numerous lipid domains in the plasma membrane (Fig. 7c) . FM ™ 1-43, a label used to monitor membrane uptake during endocytosis, revealed a time-dependent a, c) , immunofluorescence (b, d) and transmission electron microscopy (TEM) (e-j) images of a Penium cell wall before and after treatment with 20 mM EDTA for 20 min. a General appearance of a cell, where the outer layer (OL) of the cell wall has a rough, punctate appearance (arrows). b JIM5 mAb immunolabeling of a regular cell shows the homogalacturonan (HG)-rich OL that forms a lattice with a punctate shape. c After treatment with EDTA, the surface of the cell appears smooth, devoid of the OL. d JIM5 mAb immunolabeling of a treated cell shows the absence of labeling of the cell wall. The red color is the autofluorescence signal emitted by the chloroplast. e Ultrastructure of the cell wall of an untreated cell showing the external adhesive layer (AL), the HG-rich OL that forms the lattice, and the rhamnogalacturonan I (RGI)-rich middle layer (ML) that is embedded in a cellulose-rich inner layer (IL) (arrows). f JIM5 mAb immunogold labeling of the cell wall of an untreated cell shows the gold particles distribute to both OL and ML (arrows). g INRA-RU1 mAb immunogold labeling of the cell wall of an untreated cell shows the gold particles located in the ML (arrow). h TEM of a treated cell shows the OL completely removed (white arrow), while AL, ML and IL remain intact (black arrows). i JIM5 mAb immunogold labeling of a treated cell shows the lack of the OL (white arrow), and consequently no labeling, and the presence of gold particles in ML (black arrows). j INRA-RU1 mAb immunogold labeling of a treated cell shows the lack of the OL (white arrow) and the labeling of the ML (black arrows). IS, intracellular space. Scale bars: a-d = 10 µm; e, g, h, j = 500 nm; f = 350 nm; i = 450 nm labeling pattern. Labeling of the plasma membrane was observed after 5 min in walled cells (Fig. 7d, 5 min) , and after 1 min in protoplasts (Fig. 7e, 1 min) . After 10-15 min, some areas of the plasma membrane facing the intracellular compartment showed some fluorescent thickenings (Fig. 7d, 10 min) , while in protoplasts, spherical membrane structures stained the periphery of the plasma membrane (Fig. 7e, 15 min) . With increasing time (20-30 min), fluorescent bodies, most likely vacuoles, were observed in the cytoplasm (Fig. 7e, 30 min) , and after longer periods of time (1-2 h), numerous vacuole-like components were labeled in both walled cells (Fig. 7d, 60 min) and protoplasts (Fig. 7e, 120 min) . It is significant to note that in order to document the incorporation of FM ™ 1-43 in the plasma membrane within the first minutes of incubation, single pictures were taken (Fig. 7d, 5 min, 10 min, Fig. 7e, 1 min, 15 min, 30 min) , while for all the other dyes, and for the latest imaging of FM ™ 1-43 (Fig. 7d, 60 min, Fig. 7e , 120 min), z stacks were taken in order to obtain 3-dimensional pictures.
Nuclei isolation
Intact nuclei from isolated protoplasts were obtained after two sequential sucrose gradient centrifugation steps. Initial treatment with the detergent-based medium, NIB, yielded a green solution that contained a mixture of nuclei, chloroplasts and cell debris (Fig. 8a, b) . After the first centrifugation, two green layers or fractions were obtained. The top fraction did not contain any nuclei, as assessed after staining with DAPI (Fig. 8c) . The green middle fraction, between the 0.625 and 1.25 M sucrose layers (Fig. 8d) , contained the nuclei, accessed after DAPI staining, and also other cellular components (Fig. 8e) . A second NIB extraction and gradient centrifugation step was then employed in order to increase the yield of the isolated nuclei. After this second centrifugation, three fractions were observed: a top green layer containing the remaining chlorophyll, a white fraction in the interface between the 0.625 and 1.25 M sucrose layers that contained the pure nuclei (Fig. 8f ) , and a fine green fraction in the interface between the 1.25 and 2.5 M sucrose 
days. Note that homogalactan (HG) is produced at the isthmus (*) and is translocated outward toward the poles (arrows)
. b TEM of the cell wall of a recovering cell. New HG is produced at the isthmus zone (i) and is translocated outward toward the poles (white arrows). The polar zone contains the oldest wall of the cell (ii), and has no HG, which was removed by the treatment (white arrow). c INRA-RU1 mAb immunogold labeling of the isthmus zone of a cell recovered for 1 day shows the presence of gold particles at the isthmus (arrows). d JIM5 mAb immunogold labeling of the isthmus zone of a cell recovered for 1 day shows the start of a new cell wall being secreted, shown by the presence of few gold particles in the isthmus zone (arrows). e INRA-RU1 mAb immunogold labeling of the isthmus zone of a cell recovered for 4 days shows a dense labeling of the wall at the isthmus (arrows). f JIM5 mAb immunogold labeling of the isthmus zone of a cell recovered for 4 days shows the labeling of the wall at the isthmus (black arrow) and in the developing HG lattice (white arrows). IS, intracellular space. Scale bars: a = 15 µm; b = 2 µm; c, d = 400 nm; e, f = 500 nm (Fig. 8g) , that contained cell wall debris and whole cells that did not yield protoplasts (Fig. 8h) .
DNA isolation from isolated nuclei
One of the goals for isolating the nuclei was to obtain a DNA fraction with a high degree of purity. Using the protocol described above, we isolated DNA from the nuclear fraction and confirmed its quality by spectrophometric and electrophoretic analyses. The final DNA concentration was determined to be 2.55 μg from the initial starting material of ~ 10 6 nuclei. The genomic DNA samples were of sufficient quality to generate genomic DNA 8 Nuclei isolation from protoplasts. a After the protoplast isolation and incubation in nuclei isolation buffer (NIB), the crude mixture of nuclei and cell debris (green solution) is placed on a sucrose gradient. b DAPI staining of the crude solution shows the nuclei (large arrow) attached to the chloroplasts (small arrow). c After the first centrifugation, a top green liquid layer is visible and does not contain any nuclei as determined after staining with DAPI. d A green fraction, between the 0.625 and the 1.25 M sucrose layers is visible, and after DAPI staining shows the presence of the nuclei (large arrow), although cell debris are also present (small arrow) (e). f After the second centrifugation in sucrose gradient, the interface between the 0.625 and 1.25 M sucrose layers contains the pure nuclei fraction (arrow), visible after DAPI staining. g Three layers were observed: a top green layer containing chlorophyll, a white middle layer containing the nuclei, and a third layer in the interface between the 1.25 and 2.5 M sucrose containing cell wall debris and cells that did not release protoplasts (h). Scale bars: 50 µm libraries for successful MiSeq and HiSeq (Illumina, USA) sequencing (data not shown).
Discussion
In this work we present a simple and effective protocol for generating protoplasts from the charophyte, Penium. This alga is a unique model organism in that it is unicellular, easy to culture and maintain in the laboratory, responds to external treatments, and its mechanism for depositing cell wall components during expansion and development may be monitored using various microscopy technologies. Furthermore, the subcellular machinery for the production of these wall components is elaborate and provides an effective system for the analysis of the roles of endomembrane trafficking, secretion and plasma membrane dynamics in plant cells [7, 11, 17] .
Here, we present a toolbox of intracellular markers that can be used in vivo in protoplasts to study the location and organization of subcellular components and membrane domains. Likewise, we provide the methodology for the isolation of nuclei and the subsequent extraction of nuclear DNA for downstream applications, including sequencing.
Cell walls without the HG lattice are not compromised to yield protoplasts
The outer layer of the Penium cell wall is distinguished by an interconnected network of electron dense "struts" (i.e., the lattice) that are composed of HG complexed with Ca 2+ [11] . This pectic domain can be solubilized through short incubation periods in a chelator, e.g., EDTA (Fig. 4) . EDTA effectively removes the outer lattice from the cell wall but does not remove the HG located in the ML. This is most likely due to the fact that EDTA does not affect HG unless it is complexed with Ca 2+ as it is in the OL. Additionally, it may not be able to effectively penetrate into, and act in, the denser inner wall layers. It is also possible that the HG in the ML may be protected from dissolution by its association with RG-I. After testing several enzymes, we determined that only a mixture of cellulase and PL yielded protoplasts. PL catalyzes HG by β-elimination of (1 → 4)-α-d-galacturonan [30] , and it has been reported to remove the HG-rich OL that forms the outer lattice in Penium [15, 18] . Our results show that only PL, acting at the OL level of the cell wall, combined with cellulase, acting at the IL level, were sufficient to compromised wall integrity at the isthmus in order to release the protoplast.
Organelle and cytosol markers
Subcellular labels or markers that can be applied to live cells and monitored over time have been valuable tools to elucidate plant cell dynamics. Transformation of Penium has not been reported to date, therefore the ability of the protoplasts to take up such specific dyes is an important tool. This enables comparative analysis of their location and organization within the cell, as well as their changes over time.
BCECF AM is an acetoxylmethyl nonfluorescent compound that after diffusing into the cell is hydrolyzed by nonselective intracellular esterases, resulting in a fluorescent dye [31] . BCECF AM is frequently used as a ratiometric excitation pH indicator, since its absorption profile changes significantly with the intracellular pH [32, 33] . It's dual excitation characteristics allows researchers to compare fluorescence intensity ratios measured at two different excitation wavelengths, and correlate to pH after comparison with calibration methods [31] . It has been used in animal cell physiological studies to measure intracellular pH dynamics [34] ; as a marker for vacuolar pH in protoplasts from several species, including alfalfa (Medicago sativa) [35] , barley (Hordeum vulgare) [36, 37] , and quince (Cydonia oblonga) [38] ; for protein storage vacuoles in sunflower (Helianthus annuus), cotton (Gossypium hirsutum) and peanut (Arachis hypogaea) [39, 40] ; and as a marker for vacuolar membrane disintegration in tobacco (Nicotiana benthamiana) protoplasts [41] . It was also employed in cells of the charophyte, Chara australis, although in this case, the dye did not prove useful as a cytosolic pH indicator, as it accumulated in the mitochondria, although it could be used for probing mitochondrial pH changes [42] . In Penium, the BCECF AM labeling pattern observed was characterized by elongated patches of fluorescence along the cytoplasmic lobes, more distinct in walled cells than in protoplasts due to the contortions of the chloroplast. Also, it did not accumulate in any intracellular compartment (Fig. 6b) , which is important if considering future studies with the intention to use this probe to follow cytosolic pH dynamics.
5(6)-CFDA is a cell-permeant esterase substrate, used as a viability probe, through the fluorescence released upon hydrolysis by intracellular esterases and also by testing cell-membrane integrity, required for intracellular retention of the fluorescent product. It is widely used in cell biology studies, including bacteria [43] , cancer cells [44, 45] , to plants [46, 47] . This dye also worked very well with both Penium walled cells and protoplasts where a generalized fluorescent masking throughout the cytoplasm was observed when cells were alive (Fig. 6c) .
DiOC6 (3) is a versatile lipophilic cationic fluorochrome [48] that is primarily used to stain both animal and plant cell ER [49] [50] [51] and Golgi apparatus [52] , although it can also stain mitochondria [53] . In this study, we show that this label effectively marks the ER in Penium cells, where the interconnected network of tube-like cisternae was observed. In addition, the changes therein, when walled cells yielded protoplasts were visible, where the ER network showed an irregular and flattened appearance, perhaps due to the spherical shape of the protoplast that compresses the endomembrane system (Fig. 6d) .
Lyso Tracker ™ dyes are fluorescent acidotropic probes used for labeling and tracing acidic organelles in live cells, such as lysosomes and some vacuoles. This probe has been used as a tool in many plant-based studies, where protoplasts have a crucial role in localization studies involving processes such as proteolytic activity upon leaf senescence [54] [55] [56] or upon cell death [57] . This dye labeled numerous subcellular acidic components in both Penium cells and protoplasts (Fig. 6e) .
The Yeast Vacuole Membrane marker, MDY-64, is a hydrophobic styryl dye that has been used to label the membrane of yeast vacuoles [58] , as well as the complex vacuolar organization in plants [59] [60] [61] . In both walled cells and protoplasts, MDY-64 labeled a network of small vacuoles in the cytoplasm, located at intervals between the chloroplast lobes (Fig. 6f ) .
Membrane lipid markers
Recently, there has been a considerable increase in research examining specific domains in the plasma membrane. Though controversial at first, the presence of such domains, sometimes referred to as 'lipid rafts' in plants, has now been more widely accepted [62, 63] . Several specific labels can be used for identifying these plasma membrane structures. The BODIPY fluorophore (boron dipyrromethene 4,4-difluoro-5,7-dimethyl-4-bora-3α,4α-diaza-s-indacene) was originally used to study secretory pathways in mammalian cells [64] . BODIPY-labeled sphingolipid analogues have been reported as valuable tools to study membrane microdomains, as lipid rafts are enriched in sphingolipids [65] [66] [67] . The BODIPY ™ FL C 11 -Phosphocholine lipid analogue is composed of a sphingosine linked to a fatty acid, and to a BODIPY fluorophore. It has been used to observe lipid phases in plant protoplasts [68] , and has shown to be an effective marker for endocytosis dynamics in tobacco pollen tubes [69] . In Chara corallina, this label marked the ER and lipid droplets [70] ; however, in Penium, it labeled well defined lipid domains of the plasma membrane with a similar spherical appearance in both walled cells and protoplasts (Fig. 7a) . The BODIPY ™ FL C5-Ceramide lipid analogue has been used to follow lipid internalization and membrane dynamics in animal research [71] [72] [73] , and has been reported to be a probe for the Golgi apparatus [74] . In Penium, this probe labeled subcellular membranes of structures that appeared different from any of the other dyes used, and were located in the inter-plastid spaces of the protoplasts (Fig. 7b) . We propose that these organelles may be Golgi bodies, although further work is needed to confirm this idea.
Di-4-ANEPPDHQ is a polarity sensitive styryl dye that allows the study of the physico-chemical properties of the cell membrane, which changes depending on the lipid packing [75] , and has emerged as an excellent probe for lipid membrane domains, as it can be used to differentiate between liquid-ordered and -disordered lipid phases [76, 77] . It has recently been presented as a valuable tool to the study lipid rafts [67] . First proposed by Simons and Ikonen [78] , rafts, which derive from the dynamic association of sphingolipids and cholesterol, move within the fluid lipidic bilayer, and are thought to have a vital role in membrane trafficking. In Penium, di-4-ANEPPDHQ showed a distinct labeling pattern within the plasma membrane (Fig. 7c) , confirming the presence of microdomains, possibly lipid rafts.
The membrane-selective FM ™ dyes, FM ™ 1-43 and FM ™ 4-64 [79, 80] , are water soluble, nontoxic, amphiphilic styryl fluorochromes that insert into the outer bilayer of the plasma membrane and are not metabolized by the cell. They have become useful probes to visualize and follow vesicle trafficking in endocytosis and exocytosis events in living cells [80] [81] [82] , particularly relevant in medical research [83, 84] . In plant cells, FM ™ 4-64 [68, [85] [86] [87] , and FM ™ 1-43 [88] [89] [90] have been extensively used as probes for imaging lipid dynamics, secretory vesicle trafficking and endocytosis and exocytosis events. Studies performed on the CGA C. corallina report their relevance as endocytic markers to monitor membrane internalization [91, 92] . In both walled cells and protoplasts of Penium, uptake of the FM ™ dyes was time dependent. At first the probe localizes in the plasma membrane, and over time it is internalized within vesicle membranes and accumulates inside the cell (Fig. 7d,  e) , suggesting a similar process to that seen in land plants and highlighting the potential for using these dyes in future studies of the endomembrane system.
Nuclei isolation
Protoplast isolation is a useful preparatory technology for the isolation of organelles and macromolecules therein. For example, this method has been used for the isolation of nuclei-rich fractions [93] [94] [95] . Obtaining highly pure DNA of superior quality, i.e., no RNA or chloroplast DNA is essential for certain downstream analysis methods. In this study, we used nuclei isolated from protoplasts prior to DNA isolation, which provided a source of genomic DNA of sufficient quality for subsequent sequencing analysis. Here, we present a reliable protocol for gentle disruption of protoplasts, followed by a simple gradient centrifugation that yields large amounts of undamaged nuclei that are free from cellular debris and plastid DNA. This method requires minimal equipment and approximately 2 h of handling time. DNA from the nuclei fraction can then be obtained using commercial DNA isolation kits.
Future applications of protoplasts in Penium studies
The isolation and culturing of protoplasts from Penium offer new and innovative possibilities in cell and molecular biology studies. First, examination of the regeneration of a new cell wall, accompanied by the morphogenetic events that ultimately yield the cylindrical shape, will provide important insight into the fundamentals of plant cell development and specifically, the roles of particular cell wall polymers in the establishment of a species-specific shape. For example, what polymer is first produced in the regenerating protoplast? When is cellulose observed and does the deposition of the microfibrils act as the ultimate load bearing component defining cell shape and rigidity? Second, the endomembrane network of Penium is elaborate and trafficking networks have yet to be fully described. Rapid isolation of large amounts of protoplasts will facilitate the isolation and analysis of specific endomembrane components. Finally, protoplasts have become a major means in higher plants to approach questions related to the architectural dynamics of cell wall construction and hybridization [20, 96] . Such technology has been successfully used in the moss Physcomitrella patens, where techniques such as somatic hybridization and transformation have been achieved using protoplasts [97] [98] [99] . Although not directly related to protoplast research, it is important to notice the observation of Hechtian strands upon plasmolysis of Penium cells (Fig. 3) . Their presence was previously described in the green alga Closterium acerosum [100] and the Hechtian Hypothesis has recently been proposed by Lamport et al. This theory suggests Hechtian adhesion to be the first sensor for turgor pressure, which leads to the release of signaling molecules in the cytosol (Ca 2+ ) that in turn will lead to an increase of exocytosis of cell wall polymer precursors, causing the extension of the wall [27] . The tight association between Penium polar growth and cell wall deposition [12] , and now the observable Hechtian strands make this species a good target for future research regarding this subject.
Conclusion
In this study we present a simple and effective protocol for isolating protoplasts from the unicellular green alga P. margaritaceum, and describe the use of the protoplasts for imaging subcellular components and membrane microdomains. Furthermore, we describe an optimized protocol for isolating nuclei from protoplasts that can be used to obtain highly pure genomic DNA for subsequent experiments. These methods provide an experimental platform for advancing our understanding of plant cell biology. Authors' contributions DSD designed the protocols and performed the TEM; BT and ER supported the development of the protoplast isolation protocol; IS developed and optimized the DNA isolation protocol and downstream quality assessment; SCR optimized the protocols and conducted the research; SCR and DSD analyzed the data and wrote the manuscript. All authors read and approved the final manuscript. 
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